Abstract. Few years after the discovery of superconductivity in high-T c cuprates, borocarbides and shortly after nitridoborates with reasonably high T c s up to about 23 K attracted considerable attention. Particularly for the rareearth metal series with composition RNi 2 [B 2 C] it turned out, that several members exhibit superconductivity next to magnetic order with both T c above or below the magnetic ordering temperature. Therefore, these compounds have been regarded as ideal materials to study the interplay and coexistence of superconductivity and long range magnetic order, due to their comparably high ordering temperatures and similar magnetic and superconducting condensation energies. This review gathers information on the series 
Introduction
Since the discovery of high-T c superconducting cuprates in 1986 [1] the attention was directed several times to further new superconducting inorganic systems with comparably high T c s. One example was opened with reports of a phase with T c as high as 12 K in the quaternary system Y--Ni--B--C starting in 1993 [2] [3] [4] , directly followed by the finding of superconductivity with T c s up to 16.6 K in different rare-earth metal compounds RNi 2 [B 2 C] [5] [6] [7] . Shortly after, for a multiphase sample from the system Y--Pd--B--C a T c ¼ 23 K was reported [7] . As speculated from the beginning, the superconducting phase was identified to possess the composition YPd 2 [B 2 C] [8] [9] [10] [11] . These publications inspired research in the whole series of rare-earth metal borocarbides RM 2 Within few years several hundreds of publications were dedicated to these types of compounds. The interest was recently refueled by the discovery of the iron pnictide superconductors, where particularly the compounds with general composition AFe 2 As 2 (A ¼ e.g. Ca, Sr, Ba, Eu, K, Cs) with ThCr 2 Si 2 type crystal structure show close structural relations to the rare-earth metal borocarbides RM 2 [B 2 C]. Striking similarities of the density of states (DOS) of LuNi 2 [B 2 C] and ThCr 2 Si 2 type pnictides was pointed out [12] . One review in this issue is committed to the iron pnictide superconductors [13] .
Conduction electrons of metals at low temperatures can condense either in a magnetic state or in a superconducting state. In general these two states exclude each other, this means they do not exist at the same place in the material at the same time. One way out is antiferromagnetic order with small propagation vectors to ensure locally canceled net moments. In contrast, ferromagnetism and superconductivity are observed to be highly competitive in almost any material. Predominant ferromagnetic exchange interactions typically destroy superconductivity by creating a re-entrant phase transition. Only very few compounds have been identified so far which show a coexistence of these competing ground states. Even cases where superconductivity coexists with a magnetic ground state which solely exhibits a weak ferromagnetic component of its magnetization are rare. Particularly, in the rare-earth metal borocarbides of Ni with composition RNi 2 [B 2 C] coexistence of superconductivity and antiferromagnetism was observed for various R. Additionally, there are indications for weak ferromagnetic contributions at lower temperatures. Thus, these compounds have been regarded as ideal materials to study the interplay and coexistence of superconductivity and long range magnetic order, due to their comparably high ordering temperatures and similar magnetic and superconducting condensation energies [14, 15] . Particularly RNi 2 [B 2 C] with R ¼ Lu, Y and LaPt 2 [B 2 C] were early shown to exhibit very sharp superconducting transitions with full diamagnetic shielding below T c [5] . For the borocarbides of the series RNi 2 [B 2 C] the microscopic coexistence of magnetism and superconductivity was evidenced on ErNi 2 [B 2 C] crystals first via small angle neutron scattering [16] . (2) 349.4 (1) 348.4 (1) 348.57 (9) 1058.60 (5) 1061. 3(3) 1057.9 (2) 1056.1 (3) NP [14] XP [118] XP [214] XP [34] While borocarbides are characterized by a complex anion with a covalent boron-carbon bond, nitridoborates are a large class of compounds that contain complex [BN x ] nÀ anions. A differentiation can be made between ternary nitridoborates with alkaline, alkaline-earth or rare-earth metals and quaternary ones which contain an additional transition metal. The former are typically salt-like compounds whereas the latter show metallic and in the case of La 3 Ni 2 [BN] 2 N also superconducting properties [17] [18] [19] [20] [21] .
This review is dedicated to chemistry, crystal chemistry and physical properties of borocarbides and nitridoborates with the general compositions RM[BC], RM 2 [B 2 C], (A,R)M [BN] and R 3 M 2 [BN 2 ]N. Since recent reviews [22] [23] [24] [25] [26] [27] [28] gather and discuss data for the borocarbides RNi 2 [B 2 C] with special focus on superconductivity, magnetism and the interplay of these two phenomena we are not going into too much detail on those properties, but refer the interested reader to these references. Particularly the huge number of studies on dependence of physical properties on partial elemental substitution in compounds RM 2 [B 2 C] is not covered. Table 1 -4 summarize unit cell parameters, superconducting and magnetic transition temperatures of most compounds discussed in this review.
Discussion

General comments
Throughout this review we use the following abbreviations for chemical elements: A ¼ alkaline-earth metal; R ¼ rareearth metal from the choice La--Lu plus Sc, Y, Th, U, but excluding Eu and Pm if not stated explicitly; M ¼ transition metal; X ¼ C, N.
Synthesis
Typically, the discussed compounds can be obtained from the elements at elevated temperatures. However, for growth of large crystals, certain purity demands and, particularly for synthesis of several nitridoborates, more elaborate synthesis techniques have proven beneficial.
Borocarbides RM 2 [B 2 C] and RM[BC]
The compounds RM 2 [B 2 C] are typically produced by arc melting of the elements followed by annealing, with all operations carried out in vacuum or Ar. During this proce- [5] . These compounds are believed to be metastable, which make a single phase preparation very difficult due to decomposition on annealing at higher temperatures.
Since all stable compounds decompose peritectically [38] [39] [40] [41] , it is not possible to produce single crystals from the melt by standard techniques as Bridgeman or Czochralsky method. For most compounds RNi 2 [B 2 C] a flux technique using Ni 2 B as solvent was successful for growth of single crystals with plate-like shape and the crystallographic c-axis perpendicular to the plate surface [42] [43] [44] [45] [46] [47] [48] . This flux is regarded as especially well suited for growth 356 R. Niewa, L. Shlyk, B. Blaschkowski (2) 754.86 (6) 754.6(1) 754.4
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XP [299] À [200] 4 [200, 299] LuNi a: Origin of unit cell data: XP: X-ray diffraction on powder, XC: X-ray diffraction on crystal, NP: Neutron diffraction on powder b: Possibly not intrinsic, but due to an impurity phase [302] c: Removed from diagrams due to inconsistent data a: Origin of unit cell: XP: X-ray diffraction on powder, XC: X-ray diffraction on crystal, EP: Electron diffraction on powder. C as thin plates, after the Cu was removed in dilute nitric acid [50] . Single crystals of RNi 2 [B 2 C] with R ¼ Pr, Tb, Dy, and Ho few mm in size were grown by a cold crucible method using RF-heating [51] . Larger crystals of high quality (low widths of superconducting transition temperature and magnetic ordering temperatures, if applicable) with R ¼ Y, Pr, Tb, Ho and M ¼ Ni were grown by RF-zone melting from polycrystalline materials [38] [39] [40] [52] [53] [54] [55] . This technique was also suitable for crystals of solid solution phases with two different rare-earth metals [56] . Similarly, in a zone melting technique using an infrared heating furnace crystals of YNi 2 [B 2 C] and HoNi 2 [B 2 C] up to 6 mm in diameter and 110 mm in length were obtained [40] . A recent brief review gathers details on the floating zone growth of RNi 2 [B 2 C] compounds [57] . During these investigations pseudobinary sections of some phase diagrams R--Ni--B--C were determined [38, 40, 41, 52] [62, 63] .
Directly after discovery of the superconducting RM 2 [B 2 C] compounds, there had been only limited success in production of thin films. As compared to the cuprate superconductors the oxidation sensitivity at elevated temperatures and the metallic properties in general present problems during preparation of films [64] . Nevertheless, the successful preparation of YNi 2 [69, 70] and magnetron sputtering [67, 68] . Application of a low deposition temperature in pulsed laser deposition leads to a preferred a-axis orientation, but also to reduced film quality with increased defect concentrations [64, 66] .
Similar to compounds RM 2 [B 2 C], samples RM[BC] typically were produced via arc-melting in Ar with optional subsequent annealing in Ar or vacuum. YNi [BC] undergoes a peritectic reaction at 1550 C, therefore single crystal growths is hindered [74] . LuNi[BC] crystals grew as thin platelets at the surface of a melted button [6] . Most other investigations on compounds RM[BC] were carried out on polycrystalline samples.
Nitridoborates
The superconducting nitride boride La 3 Ni 2 [BN] 2 N was originally prepared by arc-melting of the metal elements together with elemental boron under nitrogen gas [17, 18, 75] . Nitrogen can be alternatively introduced by adding LaN in appropriate molar ratios [17] . A modified route was developed for which in a first step a precursor of an alloy with general composition "La 3 Ni 2 B 2 " is prepared followed by a subsequent annealing step by inductive levitation melting in Ar/N 2 atmosphere. In this case nitrogen deficient samples of the composition La 3 Ni 2 B 2 N 3-x (x % 0.1 to 0.4) were obtained [76] . In all cases the as-prepared samples were annealed using tantalum containers in evacuated quartz ampoules at temperatures around 1000 C to complete the formation and increase crystallinity. La 3 N or to extend R to different rare-earth metals using any of the above described techniques apparently showed little success [77, 80] .
For the preparation of hydrogenated samples La 3 Ni 2 B 2 N 3-x H d (d ¼ 0.6 and 1.0) from the quarternary nitridoborate an additional reaction step using H 2 pressures of 27 bar and temperatures up to 200 C was applied [81] .
LaNi [BN] was originally synthesized by arc-melting of an alloy of general composition "LaNiB" under N 2 atmosphere followed by annealing at temperatures up to 1200 C [17] . Subsequently, the quaternary nitridoborates The crystal structures of the borocarbides and nitridoborates under consideration are closely related to more simple structure types and can be regarded as stuffed variants of intermetallic parent structures. To describe the structures of compounds R n M 2 B 2 or (RX) n M 2 B 2 , we start from hypothetic layers M 2 B 2 which are isostructural to those occurring in the anti-PbO type structure. These layers constitute of a square planar arrangement of metal atoms, each surrounded by four B atoms forming (distorted) tetrahedra. These MB 4 -tetrahedra are connected within (001) by edge-and corner-sharing to form two-dimensional layers MB 4/4 (Fig. 1a ). For structures with n ¼ 0 the antiPbO type results, in which the M 2 B 2 layers are stacked primitively along the c-axis. In Fig. 1b the structure of FeSe is shown as an example for this binary structure type. In spite of a large number of compounds adopting this type, binary metal borides with this structure are not known to the best of our knowledge. In the ternary and quaternary compounds of interest this type of layers are separated by metal atoms R (in R n M 2 B 2 ) or "rocksalt"-type layers RX (in (RX) n M 2 B 2 ). In the ThCr 2 Si 2 structure type (R n M 2 B 2 with n ¼ 1), which is a common type for inter- On going to structures with n ¼ 2, two layers of cations R are inserted between M 2 B 2 layers of edge-sharing tetrahedra resulting in an anti-PbFCl structure type for R n M 2 B 2 . The structure of CeFeSi (Ce 2 Fe 2 Si 2 ) as example is illustrated in Fig. 1e . For the composition (RX) n M 2 B 2 with n ¼ 2, two different possible types may form: The ZrCuSiAs type results if X is located in tetrahedral voids within the R layers, leading to an arrangement of alternating layers SiZr 4/4 and CuAs 4/4 for this example. In the novel superconducting iron pnictide (LaO)FeAs this structure type is accomplished (Fig. 1f) . In the nitridoborates RM[BN] and AM[BN] as well as the borocarbides RM[BC], however, the X atom is introduced at about the same positional parameter z than the R atoms leading to rocksalt double layers RX with mutual distorted quadratic pyramidal coordination (Fig. 1g) (Fig. 1h) and c 0 ¼ 2c was derived from electron diffraction [90] .
Stacking variants with larger numbers of Ni 2 B 2 layers than RC slabs lead to Y 3 4 , have been observed only locally in electron diffraction experiments and even more compositions were indicated [92] . All these phases were reported to be metastable [92] . Although typically the investigated samples showed superconducting transitions, superconductivity at temperatures above about 4 K for these stacking variant compounds is at best doubtful.
Borocarbides
A large variety of combinations of rare-earth metals with transition metals realize the LaRh 2 [B 2 C] structure type (stuffed ThCr 2 Si 2 ). This comprises nearly all rare-earth metals Sc, Y, La--Lu (except for Eu, the preparation of the Pm compound was apparently not attempted) and transition metals such as Ru, Co, Rh, Ir, Ni, Pd, and Pt.
An interesting aspect of these materials is that they may serve as prototypic systems suitable for the study of coexistence and competition of superconductivity and magnetism. Particularly in the Ni series, for R ¼ Dy, Ho, Er, and Tm the opportunity to study the interplay between superconductivity (T c ¼ 6.5, 8.5, 10.5 and 10.8 K, respectively) and long range magnetic order (T N ¼ 10.5, 6.0, 5.9, 1.5 K, respectively) was taken extensively. Upon cooling the compounds of Ho, Er, and Tm order magnetically after entering the superconducting state, while the Dy compound becomes superconducting in the magnetically ordered state. Particularly the compounds with the rareearth metal ions which do not carry a localized magnetic moment (Y, Lu) are type II superconductors [42, [93] [94] [95] and display the highest T c s of the series with 16 and 15.5 K, respectively. All Ni compounds with rare-earth metal constituents carrying a magnetic moment primarily order antiferromagnetic. While for the Ni series only those compounds with the smaller rare-earth metals show superconductivity, for the Pt series the Y, La, Nd and Pr compounds exhibit T c s of 10, 10, 2.5 and 6 K, respectively [96] [97] [98] [99] . ThPt 2 [B 2 C] apparently superconducts below 7 K [100 -102] .
All superconducting compounds of this formula type apparently are three-dimensional and clean limit type II superconductors [94, 103] according, e.g., to the small Meissner fraction at higher fields and the shape of the hysteresis, with moderately high density of states at the Fermi level, but coexisting with magnetic order. This co-existence might be a result of weak hybridization of conduction and 4f electrons (compare below: case of YbNi 2 [B 2 C] exhibiting no transition to a superconducting state).
Crystal structure details
Crystallographic values determining the crystal structure of all compounds with the tetragonal LaRh 2 [B 2 C] type structure are a, c, and z(B), the latter being the only variable positional parameter. In general the data from literature are very consistent. Few apparently inconsistent data were eliminated from the plots presented in Figs ). Larger deviations, particularly for the Ce compound and to a lower extend for the Yb compound, are discussed separately. For the metastable compound ScNi 2 [B 2 C] one set of unit cell parameters was omitted, due to an apparently too small c unit cell parameter. For this compound no value for z(B) was derived to our best knowledge. Numbers for the unit cell parameters of hypothetical EuNi 2 [B 2 C] frequently given in literature originate from extrapolation of the unit cell data for the whole series of RNi 2 [B 2 C] compounds assuming an Eu 3þ state and thus are neglected in the discussion. For the series of the transition metals other than Ni structural data except for unit cell parameters are rare, particularly for the Co series some values with apparently less good accuracy were omitted from the plots.
Extensive X-ray and neutron diffraction studies mostly carried out for the Ni compounds indicate all crystallographic sites to be essentially fully occupied with only insignificant site mixing, although neutron and positron annihilation experiments suggest possible carbon vacancies [104, 105] . Additionally, a variable boron content in the range 1 < x < 2 was determined in a study aiming to clarify the phase equilibria in the system [58] . Furthermore, a clear dependence of the physical properties, that means transition temperatures, electrical resistivity, and magnetic order [107] [108] [109] , on the annealing history of the sample was traced back to formation of vacancies and to some disorder of C and B up to a considerable level of 8.6 %, based on neutron powder diffraction using YNi 2 [ 10 B 2 C] [110] . At this point it has to be mentioned that 11 B and C are nearly indistinguishable both in X-ray and neutron diffraction and 10 B with a clearly different diffraction length in neutron scattering is highly absorbing complicating the situation. Local disorder of B and C was also discussed to be responsible for locally higher T c s leading to diamagnetic contributions already slightly above the bulk superconducting transition [111] . Additionally, high-resolution electron microscopy indicated significant concentrations of stacking faults modifying the local composition (see homologues series and synthesis sections above). The same might hold true for all discussed borocarbides, since dependencies of physical properties on thermal history of the samples was frequently discussed [61] [62] [63] [112] [113] [114] [115] . For example, some unit cell parameter dependences on B and C contents in HoNi 2 [B 2 C] in agreement with further investigation techniques demonstrate an at least small homogeneity range within these two constituents with deviations from ideal composition leading to disappearance of superconductivity [116] . On annealing superconductivity appears, but with a significantly lower T c than the value for well crystallized bulk material. T c of such samples can be increased on prolonged annealing or higher annealing temperatures due to increasing re-crystallization [61] .
For the Ni series Figs. 4 and 5 depict the unit cell parameters a and c, the c/a ratio and the volume V as well as selected interatomic distances and angles as functions of the effective ionic radius of the rare-earth metal atom in the þ3 oxidation state r(R 3þ ) in six-fold coordination for consistency [117] . In the crystal structure of RM 2 [B 2 C] compounds R is actually coordinated square planar by four carbon atoms within the so-called rocksalt-like layers. The carbon atoms belong to [B 2 C] 4À complex ions orientated perpendicular to the RC plane. This arrangement leads to eight additional B atoms in the surrounding of R with an approximately 16% larger distance as compared to the R--C distance.
A regular lanthanide contraction of the unit cell parameters of the compounds with the same transition metal M is expected and indeed observed for the Ni series for the unit cell parameter a and the volume. However, the unit cell parameter c increases with decreasing r(R 3þ ). As a result the overall volume contraction on going from R = La to Lu is as small as only about 11% (including the Sc compound about 15%). Correspondingly, the c/a ratio drops with increasing r(R 3þ ). As the only significant deviation from the monotonic dependences, the Ce compound exhibits a smaller volume and a parameter, but a larger c parameter and c/a ratio, indicating a mixed or in- ion of about 147-149 pm, which might be expected from the rigid nature of this entity. These distances are expectedly shorter than those in the B--C-framework compounds value, corresponding to the larger c-axis and by this keeping the C--B distance at about 149 pm. Additionally, there is some small deviation for YbNi 2 [B 2 C] to a smaller value, possibly giving an indication for a small difference of the valence state of Yb from þ3 (see below) not visible in the unit cell parameters.
Shortest distances Ni--Ni, which equal the shortest distances R-C, are located within (001) and exclusively coupled to the unit cell parameter
). They are found to be similar to those in Ni metal (249 pm) and decrease with decreasing radii of R. For R ¼ Y and Ho these distances become nearly identical with that in Ni metal. As a result of the dependence of
), the distances Ni--B are almost independent of the choice of R with only a slight increase for the larger R 3þ ions [14] . That means, that on decreasing unit cell parameter a the spacing between the Ni layer and the B layers has to increase. This is the reason for the increasing unit cell parameter c with smaller rare-earth metal ions R 3þ . However, the distances d(Ni--B) show a considerable scatter. The reason might be barrowed in the fact, that the data were obtained by either neutron diffraction on microcrystalline powders with inherently considerable high uncertainties for the positional parameters or from single crystal X-ray diffraction data, where boron has the smallest scattering power.
The coordination of Ni is nearly tetrahedral by B forming layers of edge-sharing tetrahedra [NiB 4/4 ]. There are two characteristic B-M-B angles to be considered which are denoted as a 1 and a 2 according to Fig. 3 . Both angles can not vary independently, but are connected by a simple mathematical relation due to the site symmetry of M. Given an essentially constant distance d(B--Ni) the angel a 1 is mainly coupled to the Ni--Ni distance. a 2 also changes with d(Ni--Ni), however, to a smaller extent and gives a measure to the 'thickness' of the triple layer of Ni sandwiched by B. a 1 in all studied compounds is larger than the ideal tetrahedral angle, while a 2 is smaller. Within the Ni-series, the strongest distortion from an ideal tetrahedron is found for the largest rare-earth metal La, with decreasing distortion on going to the smaller ionic radii approaching Lu. In the crystal structures of the compounds with the larger rare-earth metals the tetrahedra become increasingly compressed along [001] concomitant to the increasing distance d(Ni--Ni) and only slightly increasing distance d(Ni--B) as was discussed earlier [14] . Exceptions are again the Ce compound with a smaller deviation from the ideal tetrahedral angle than expected for the ionic radius of Ce 3þ and the Yb compound with a slightly larger distortion than expected for Yb 3þ . The superconducting members with R ¼ Y, Dy, Ho, Er, Tm, and Lu exhibit tetrahedra B 4 Ni with angles a 1 < 114. 5 and a 2 > 107 , which represent the closed values to the ideal tetrahedral angle of 109.47 within the Ni series. The only exception is the Yb compound with no superconductivity, but angles close to those found in TmNi 2 [B 2 C]. X-ray absorption spectroscopy at the B-K edge revealed significant changes with increasing rare-earth metal size along R ¼ Lu, Tm, Er, Y, Ho, Tb, Sm, which were interpreted to reflect an increasing deformation of the B 4 Ni tetrahedra along this row [125] . Similar information can be taken from 57 
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Mößbauer spectroscopic investigations on Fe-doped phases indicating a dependence of the quadrupole splitting on the c/a ratio, which can be taken as an indirect measure for the distortion of the tetrahedra MB 4 , i.e., of the deviation of a 1 and a 2 from ideal tetrahedral angles [126, 127] . These angles within the NiB 4 tetrahedra being close to the ideal tetrahedral angle were frequently discussed to present a relevant prerequisite for superconductivity in the borocarbides under consideration. For example, in substitution series Lu 1-x R x Ni 2 [B 2 C] (R ¼ Y, La) with small x 0.1 T c linearly decreases with the c/a ratio [128, 129] . Figure 6 plots the superconducting transition temperatures of compounds RNi 2 [B 2 C] in dependence of the c/a ratio [after 26]. The superconductors containing rare-earth metals with and without localized magnetic moments are individually connected by straight lines. Similar dependencies of T c can be obtained on plotting against other structural parameters like d(Ni--Ni) or internal structural distances between planes of atoms, which all somehow depend on the size of R [130] .
Temperature dependent X-ray diffraction on members of the Ni series reveal a monotonic increase of the lattice parameter a and the volume V with increasing temperature and similar a monotonic decrease in c/a between 90 and 300 K. However, the c lattice parameter displays a minimum at around 220 K, which for R ¼ Tb is most pronounced [44, 45, 106] . The same trends were found in neutron powder diffraction studies down to temperatures of 1.6 K, however, the minimum of c was only pointed out for Y [14, 131] . For R ¼ Dy and Tb neither the (B--Ni--B) angles nor the free parameter z(B) show a significant temperature dependence over the investigated temperature range [44, 45] . A detailed low-temperature study on YNi 2 [B 2 C] in the temperature range of 25-300 K, however, revealed a significant trend in the z(B) parameter resulting in an increasing bond length d(B--C) within the borocarbide ion with increasing temperature and a concomitant decrease of the distance d(Ni--B) [106] . This also translates in a slight decrease of the smaller angle a 2 (B--Ni--B), i.e., an increasingly deformed tetrahedron NiB 4 . However, these findings may be connected to large displacement parameters observed for B and C, which behave nearly temperature independent on cooling, while those of Y and Ni expectedly decrease, that means, the finding might be either an artifact related to the time-scale of the diffraction experiment or due to static displacements of the non-metal atoms. Different studies carried out on HoNi 2 [134] .
Pressure dependent studies of the unit cell parameters at ambient temperature for RNi 2 [B 2 C] with R ¼ Y, Tb revealed monotonic decreasing values for a, c, c/a, and V with no discontinuity [139] [140] [141] . For R ¼ Y, Ho, Er, Tm electrical resistivity and thermopower measurements indicate the absence of structural transitions up to 2 GPa. For YNi 2 [B 2 C] the absence of a structural phase transition was confirmed via X-ray diffraction up to 16.4 GPa [141] .
The M ¼ Co series was obtained for R ¼ Y, La--Tm (except for Eu and Pm) [24, [142] [143] [144] [145] [146] [147] [148] . Unfortunately, one reference only gives a diagram of the unit cell parameters as a function of the rare-earth metal radius, but no concrete values. Although parameters might be extracted from this plot [26] , the resulting data were disregarded in Fig. 7 . Interestingly, the unit cell parameter a for the whole series is smaller than for the respective Ni compounds, however, c is larger. As a consequence the c/a ratios of the Co compounds are larger and the unit cell volumes smaller due to the significant decrease in a outweighing the increase in c. No superconductivity was confirmed for any Co based compound of the series. The Ce compound again violates the monotonic dependencies due to a deviation from the trivalent state. A distortion of the tetragonal unit cell to an orthorhombic metric by magnetostriction for TbCo 2 [B 2 C] below the Curie temperature of 6.3 K was already pointed out above [138] .
For the Pt series only the R ¼ Y, La, Ce, Pr, Nd, and Th compounds were obtained [96-100, 118, 144, 149] . Unit cell parameters are gathered in Fig. 8 . While for the Ni series only those compounds with the smaller rareearth metals show superconductivity, for the Pt series the Y, La, Pr, Nd, and Th compounds exhibit T c s of up to 10 K [96-102, 144, 149-151] . The Ce compound again shows a somewhat reduced volume within the Pt series. Compared to the respective Ni compounds a, c, and V are expectedly larger. Due to a significant larger increase of c as compared to a, the c/a ratio considerably increases with decreasing r(R 3þ ). The series RRh 2 [B 2 C] was obtained for R ¼ Y, La--Nd, Sm--Er, U, and Th. The Eu containing compound apparently does not form (the preparation of the Pm compound was apparently not attempted) [152] . No superconductivity was observed in any sample. The unit cell parameters (Fig. 9 ) in their general trend behave like those of the Ni compounds, however, with some subtle differences [152] : The a-axis is generally larger for the Rh compound compared with the respective Ni compound, but the slope with increasing rare-earth metal ionic radii is smaller. The c-axis also decreases with increasing r(R rare-earth metal compounds. As a result, the c/a ratios of the Rh compounds are smaller and the unit cell volumes expectedly larger than those of the Ni compounds, running with similar slope as a function of r(R 3þ ). A significant scatter of the unit cell parameters, particularly in the unit cell parameter c, may indicate some homogeneity range, as a somewhat variable carbon content was indicated for the Rh series [153] . Again, only CeRh 2 [B 2 C] does not exactly follow the trends of unit cell parameters and from the deviation an oxidation state of about þ3.4 for Ce was extrapolated [152] .
The few data on unit cell parameters for the Pd, Ru, and Ir series hardly allow to draw any conclusions. Figure  10 An X-ray absorption spectroscopic study performed at the Ni-K threshold of YNi 2 [B 2 C] indicates a local deformation of the ideally quadratic Ni layer below 60 K realizing two different distances with a difference of about 4-8 pm but no clear trend with temperature [159] . Pair distribution function and NMR may point to a correlated motion of Ni--Ni pairs in the vicinity of T c [159] . However, low-temperature neutron diffraction data did not indicate any crystallographic distortion from ideal I4/mmm space group symmetry possibly due to the dynamic character and the low experimental resolution [160] .
In electron diffraction frequently streaks within the c * direction were observed [e.g. 6]. The occurrence of these streaks was traced down by HREM on the compounds with nonmagnetic ions Y and Lu, to be due to stacking faults developing during crystallization by formation of extra planes of RC or M 2 B 2 , resulting in a local deviation from the ideal composition [161, 162] . For example, an ordered intercalation of one layer RC per formula unit into the crystal structure of RM 2 [B 2 C] formally leads to the crystal structure of RM[BC]. It appears, that the superconducting properties are due to the regions free of defects within the samples, that means the stacking faults hardly influence these material properties [161] (compare also the homologue series discussed above).
Valence states, magnetism and superconductivity
Contrary to other superconductors, the specific feature of borocarbides is that the superconducting transition temperature and the temperature of the magnetic ordering are of the same order of magnitude. Therefore, the magnetic energy is comparable to the superconducting condensation energy in these compounds. This makes rare-earth metal borocarbides ideal materials to study the competition between magnetic ordering and superconductivity. The layered structure of the borocarbides is reminiscent of the high-T c cuprates where superconductivity is supposed to be induced by optimally doped CuO 2 -planes separated by rare-earth metal oxide layers. However, unlike to the high-T c cuprates, the electronic structure of borocarbides is almost three-dimensional. In sharp contrast to two-dimensional high-T c cuprates, borocarbides are essentially threedimensional superconductors (anisotropy of their physical properties is not too large). Strong phonon softening observed in a number of superconducting borocarbides regards these materials as s-wave BCS superconductors possessing an extreme anisotropy of the superconducting gap. A strongly anisotropic energy gap, which is unusual for conventional s-wave superconductors, would arise as a result of a complex pairing mechanism that involves both antiferromagnetic and electron-phonon interactions. Some works suggest multigap superconductivity in borocarbides, which is similar to that of MgB 2 [163] . All Ni-bearing compounds with rare-earth metal constituents carrying a magnetic moment primarily order antiferromagnetic. Particularly for R ¼ Dy, Ho, Er, and Tm the interplay between superconductivity (T c ¼ 6.5, 8.5, 10.5 and 10.8 K, respectively) and long range antiferromagnetic order (T N ¼ 10.5, 6.0, 5.9, 1.5 K, respectively) was thoroughly studied. As the temperature is lowered the compounds of Ho, Er, and Tm undergo transitions to the superconducting states followed by antiferromagnetic ordering upon further cooling. In contrast, the Dy analogue becomes superconducting in the magnetically ordered state. All compounds of this series are type II superconductors with the highest T c s of 16 [178, 179] . It is believed that the second transition is due to a spin re-orientation of the Tb moments lying predominantly within the (001) plane. Furthermore, a series of metamagnetic transitions is observed at 2 K with increasing magnetic field until a ferromagnetic state is ultimately reached [178] . The most complex behavior is presented by the Ho compound. This material becomes superconducting below T N ¼ 8.5 K, then re-enters the normal state at 5 K concomitant to complex spin re-orientation processes (see magnetic structure Fig. 11) , and finally enters a superconducting state again upon further cooling [173, 174, 180, 181] . In contrast to the Ni-bearing borocarbide, no superconductivity is observed in isostructural HoCo 2 C] did not show superconductivity down to 4 K, but revealed two magnetic transitions at $15 and $4 K, the origin of which is still to be clarified [55] .
The normal-state electrical resistivity was proven to be nearly isotropic in four-point dc-measurements on large single crystals of RNi 2 [B 2 C] where R ¼ Y, Dy, Ho, and Tm [186] [187] [188] . On the other hand, thermal conductivity of YNi 2 B 2 C and HoNi 2 B 2 C exhibits a significant anisotropy between the basal plane and the c-axis by a factor of about 2. The thermoelectric power shows only a moderate anisotropy for both borocarbides [186] . The thermal conductivity is mainly carried by electrons in the normal state at low temperatures and in the superconducting state, is mainly carried by phonons. The phonon dominated thermal conductivity may be due to the increase of the phonon mean free path as a result of the decrease of the number of normal electrons below T c [187, 188] .
A constant electronic configuration of Ni in RNi 2 [B 2 C] was derived from X-ray absorption spectroscopy at the Ni-L 3 threshold for a large number of compounds with smaller rare-earth metal constituents (R ¼ Y, Sm, Tb, Ho, Er, Tm, Lu) [125] . This finding rules out any speculation for a significant variation in the unoccupied density of states at the Fermi level as possible origin of loss of superconductivity.
An intriguing question is whether the Ni layers exhibit antiferromagnetic correlations as were found in the layered cuprates (and later iron arsenides). Therefore, a number of studies are devoted to search for local magnetic moments in the Ni substructure. Neutron diffraction studies carried out on microcrystalline powders of the magnetic superconductor ErNi 2 [191] . Very small magnetic moments possibly associated with Ni were also found for TmNi 2 [B 2 C] by muon-spin rotation/relaxation (mSR) measurements. In LuNi 2 [B 2 C], where the rare-earth metal ion does not carry a magnetic moment, a change in the mSR response observed below about 4 K is linked to the Ni magnetic moments fluctuation, although this evidence is inconclusive [192] . Interestingly, the ternary analogues RCo 2 B 2 were also found to carry no magnetic moment on Co [87, 193] .
Magnetic susceptibility [194] and X-ray absorption studies carried out on CeNi 2 , where M is a 3d, 4d or 5d transition metal was addressed in a comprehensive study [143] . Isotypic compounds were obtained as main phases for M ¼ Co, Rh, Ir, Ni, Pd, and Pt, whereas only multiphase products containing the target compound were produced in the case of Os. Furthermore, no indications for the desired products were found for M ¼ Fe, Cu, Ru, and Au [143] . X-ray absorption spectroscopy at the Ce-L III edge indicate a non-integral valence state of Ce in the compounds with M ¼ Co, Rh, Ir, and Ni, but leads to essentially trivalent Ce for M ¼ Pd [143, 149, 158] . From the presented data a trend of decreasing oxidation state of Ce as the size of the M metal increases can be deduced, eventually reaching þ3 for M ¼ Pd. Magnetic susceptibility data support this view [149, 196, 197] . Except for the antiferromagnet CePd 2 [B 2 C] (T N ¼ 4.5 K), all these compounds exhibit neither superconducting nor magnetic phase transitions down to 2 K [143, 149] . The replacement of the 4d element Pd by the 5d element Pt leads to stronger hybridization between the conduction electrons and the 4f electrons resulting in the non-magnetic heavy-fermion material
YbNi 2 [B 2 C] is a heavy fermion system with a Kondo temperature of about 10 K [198] [199] [200] [201] with no indication of either superconductivity [202] or magnetic order [199, 200] down to 1.8 K. The suppression of superconductivity is thought to be due to the strong hybridization of Yb-4f and conduction electrons. This interpretation is supported by the fact, that substitution of Y by Yb in Y 1-x Yb x Ni 2 [B 2 C] also significantly reduces T c [202] . From X-ray absorption spectroscopy at the Yb-L III threshold it was deduced, that Yb realizes an essentially þ3 oxidation state [198] . PrNi 2 [B 2 C] is classified as a moderate heavy fermion antiferromagnet (T N ¼ 4.3 K) [203] . [31] .
The effect of deviations from the ideal composition within the (small) homogeneity range has been studied, e.g., for TmNi 2 [B 2 C]: 169 Tm Mößbauer spectroscopy [204, 205] as well as mSR measurements [205] [206] [207] [208] were derived from unit cell parameters, EDX, metallographic investigations and thermal analysis, which have an important effect on physical properties. Indeed, even small deviations of both C and B content yield disappearance of the superconducting properties [116] . Similarly, it was observed, that superconductivity in DyNi 2 [B 2 C] is very sensitive to deviations from the integral Dy content [211] . Generally speaking, several investigations indicated significant composition dependences of physical properties. The same composition dependence of the physical properties was observed for substitution series of different rare-earth metals additional to the effect of substitution [212] .
The superconducting transition temperatures in the Ni series show approximately linear dependences on external hydrostatic pressure [213] [214] [215] : For the Lu compound, T c increases by about 1.9 Â 10 -5 K/bar, whereas for R ¼ Y, Er, and Tm T c decreases by about -0.6, -0.8, and À1.8 Â 10 -5 K/bar, respectively. For R ¼ Y and Er an initial increase of T c was reported with a maximum at about 5 kbar and 10 kbar, respectively [216] . For R ¼ Tm this study supports the linear pressure dependence, however, with a different slope. For polycrystalline HoNi 2 [B 2 C] the pressure dependence of the transport properties displays more complicated and apparently is strongly sample dependent [214, [216] [217] [218] . Recent studies on single crystals show that T c decreases with increasing pressure up to 3.5 GPa. Above 2.0 GPa, a peak at 5.9 K in r(T) associated with antiferromagnetic order appears. At 3.5 GPa, T N becomes larger than T c [219] . T N increases with pressure by about 7 Â 10 -5 K/bar [217] . Interestingly, in DyNi 2 [B 2 C] T N is almost independent of pressure below 2.1 GPa, while T c shows a pronounced drop [220] . It was suggested that this is an indication that superconductivity and magnetism in this material are not correlated. dT c /dP in DyNi 2 [B 2 C] is very large in magnitude (À0.7 K/GPa). Furthermore, it is opposite in sign as compared to YNi 2 [B 2 C] (þ0.03 K/GPa) and ErNi 2 [B 2 C] (þ0.17 K/GPa) [216] . Large negative values of dT c /dP for DyNi 2 [B 2 C] may be a consequence of T c < T N for this compound. The resistivity of the nonsuperconducting PrNi 2 [B 2 C] was not modified by applied pressure. The change of sign across the series may be qualitatively rationalized by counteracting electronic and phononic pressure dependences. Depending on the exact characteristic of the band structure near the Fermi level the electronic term can display either positive or negative sign. The phononic contribution, however, is expected to be negative due to the increasing rigidness of the lattice.
The magnetization data of antiferromagnetic ErNi 2 [B 2 C] (T N ¼ 6 K) indicate the coexistence of superconductivity (T c ¼ 10.5 K) with a magnetically ordered ground state below 2.5 K. The small ferromagnetic component of 0.33m B /Er exists in this compound for temperatures and fields which are well below T c and the upper critical field H c2 [221] . Evaluation of unpolarized neutron diffraction data supported this finding [222] . The magnetic moments of every 20 Er ions form ferromagnetic sheets perpendicular to the a axis with the periodicity of 10a ($35 Å ), which contribute to the weak ferromagnetic component [223, 224] . Such ferromagnetic ordering coexisting with superconductivity is believed to be only possible if the internal magnetic field is lower than the upper critical field for the superconducting state. Mößbauer spectroscopy, mSR measurements and X-ray magnetic circular dichroism (XMCD) observed no superconductivity in TbNi 2 [B 2 C] [225] [226] [227] . This lack of superconductivity may be due to the enhanced pair breaking of the Tb 3þ ion as predicted by de Gennes scaling, and/or it may be associated with the weak ferromagnetism, which is present below 8 K similar to ErNi 2 [B 2 C].
Substitution on either metal site typically reduces T c s due to increasing disorder as was shown for a number of examples. These comprise, e.g., . T c also decreases when Ni is substituted by, e.g., Fe, Co, Cu, Ru, or Pd [142, 232 -236] . For these systems, generally the lowering of T c was comparably small in isoelectronic partial substitution by Pd and Pt, while larger for substitution with Co lower in valence electron count by 1 [237] . The effect by substitution on the Néel temperature, however, is small [231] . T c of R(Ni 1-x M x ) 2 [B 2 C] with R ¼ Y, Lu rapidly drops with x for M ¼ Co, Fe, Ru [238] [239] [240] . For the Co and Tb substituted Er-based samples T c even drops below T N [231] . A similar drop of T c from 8 K to at least below 3 K even by a very small substitution of Ni by Co was observed for the Ho compound, although basically the same series of magnetically ordered structures are realized [241, 242] . In Dy 1-x R x Ni 2 [B 2 C], a non-magnetic diluent R ¼ Lu suppresses T c one order of magnitude more rapidly than the magnetic substituent R ¼ Ho. This effect is supposed to arise from the superconducting pair breaking, which must include the influence of antiferromagnetic magnons for T c < T N [243] .
The isotypes with complete substitution of Ni by Co were prepared with R ¼ Y, and La--Tm (except for the Eu and Pm compounds) [142, [146] [147] [148] . The unit cell development with r(R 3þ ) is very similar to that of the Ni series, although with a smaller volume, a smaller c-axis and a larger a-axis, however, approaching quite similar values for the compounds with smaller rare-earth metals [147] . Again, the Ce compound shows some deviation in volume and c unit cell parameter to smaller values indicating a larger valence than þ3 [147] . The physical properties of the Co series are distinctly different from those of the Ni analogues. The differences are summarized as follows: i) absence of superconductivity, at least down to the mK temperature range, ii) a decrease in the Néel temperatures, and iii) a deviation from de Gennes scaling [34, 147] .
The smaller T N values in the Co compounds indicate a weakening in the interplanar couplings as a consequence of a lower density of states at the Fermi level N(E F ) (due to less band filling) and a larger spacing between magnetic layers [147] . [142, 244] . Similar is true for the substitution series with R ¼ Gd, Dy, Ho, Er, Tm, Lu, although the situation again becomes more complex in samples where superconductivity and magnetism coexist [235, 245] . Additionally, in HoNi 2 [B 2 C] the re-entrant behavior was enhanced when Ni was substituted by Co. Furthermore, in the Tm and Er series a similar re-entrant-like behavior was provoked [235] .
The compounds RPt 2 [B 2 C] with Y, La and Pr are superconductors with T c s of 10, 10.5 and 6 K, respectively [96, 99, 144, 150, 151] . The Ce-based borocarbide is classified a nonmagnetic heavy-fermion system [149, 150] . In NdPt 2 [B 2 C] superconductivity (T c % 2.5 K) coexists with antiferromagnetic ordering below T N % 1.5 K [97, 98] . ThPt 2 [B 2 C] is a superconductor below 7 K [100 -102] . It again appears that some homogeneity ranges of the compounds exist and that the exact sample composition affects the superconducting properties [96] .
For multiphase samples in the system Y--Pd--B--C T c s above 20 K were reported [7, 9, 10, 35, [246] [247] [248] . The chemical nature and composition of the superconducting phase was vague for some time and various unit cell symmetries were suggested [36, 37, 249] . By now it appears certain that in all multiphase samples a fraction of YPd 2 [B 2 C] is responsible for superconductivity at T c % 23 K [8] [9] [10] [11] . The isotypic compound ThPd 2 [B 2 C] displays a critical temperature of 14.5 K [100, 155] . It is interesting to note that the unit cell c-axis decreases on irradiation in an electron microscope to a value expected for a ThCr 2 Si 2 type structure. This observation was interpreted to be a result of severe carbon loss [250] . For the La compound a T c ¼ 1.8 [33] was reported, however, a more recent study did not confirm this finding [33] . CePd 2 [B 2 C] contains Ce in a stable þ3 valent state and orders antiferromagnetically at about 4.5 K [149] . For YRu 2 [B 2 C], the so far exclusively known compound of the Ru series, a T c of 9.7 K was claimed [156] , but this finding was not yet confirmed.
Electronic structure calculations gave a number of important insights for the M ¼ Ni compounds, e.g., nearly isotropic electrical resistivities, that means three-dimensional metallic behavior despite the layered crystal structure, sharp local maxima in the electronic density of states near the Fermi surfaces for the superconducting members as apparent requisite for the superconductivity and maxima in the generalized electronic susceptibilities for finite wavevectors [251] [252] [253] [254] [255] [256] . Large DOS values at E F could be confirmed in heat-capacity measurements [257] and a significant contribution of Ni centered states to the peak was indicated by angle resolved photoemission spectroscopy (ARPES) [258] . In strong contrast to, e.g., high-temperature superconducting cuprates, all constituents contribute significantly to the metallic resistivity, indicating a rather conventional mechanism of superconductivity. The disappearance of superconductivity on moving from small to lager rare-earth metal constituents has been attributed to a decreasing DOS and electron-phonon coupling at the Fermi level (E F ) caused by subtle changes in the crystal structure along the series. The non-superconducting members, however, present a valley in the DOS at E F [259] [260] [261] . Similarly, the absence of superconductivity in related stacking variants of differing composition like RNi[BC] may be understood as a result of a reduced DOS at E F [262] . Any decrease of T c on substitution of metal constituents of superconducting compounds RNi 2 [B 2 C] may similarly be explained with a decrease of the density of states when E F is shifted to different energies, e.g., to lower energies in case of Ni substituted by Co. This strongly suggests an important role of hybridization of orbitals of Ni and the rare-earth metal in the occurrence of superconductivity. It was pointed out that a broad B--C s-p manifold band, optimally aligned relative to the Fermi level, is necessary for the high-temperature superconductivity [259] . Furthermore, it was claimed that this band is sensitive to changes in the tetrahedral angle in the coordination of M. Similar results were obtained in a comparative study on PrM 2 [B 2 C] with M ¼ Ni, Co, Pt, where the Pt compound exhibits superconductivity, but both 3d metal compounds do not: As a main difference the DOS for M ¼ Ni and Co falls in a valley, while for the Pt compound it is located at a maximum [263] . More details are given in an early overview focusing on electronic structure and chemical bonding [264] .
Magnetic structures
Below T N the compounds RNi 2 [B 2 C] which order magnetically display an extreme broad variety of both commensurate and incommensurate magnetic structures. This fact may be taken as an indication for the dominant exchange interactions being of the direct RKKY type. In studies aiming for the magnetic structures typically no significant moments developing on the Ni sites were detected. No magnetic ordering was observed in the compounds with R ¼ Sc, Y, La, Ce, Yb, and Lu [131, 265, 266] . one half of the nearest neighbors is arranged parallel, one half antiparallel [14, 267] . For R ¼ Dy, Pr the magnetic structure shows also commensurate antiferromagnetic order with k ¼ (0, 0, 1) and magnetic moments on R lying within the ab-plane. Layers within (001) are coupled ferromagnetically, adjacent layers are arranged antiparallel in [001] direction [14, 265, [267] [268] [269] . Interestingly, a magnetostrictive distortion from tetragonal to orthorhombic was found for DyNi 2 [B 2 C]. In contrast, no sign of any distortion was observed for the Nd compound in high-resolution neutron diffraction studies [134] . The distortion in the Dy compound occurs along [110] , i.e., producing a crystallographic unit cell with doubled basal plane and volume [134] .
The magnetic phase diagram of HoNi 2 [B 2 C] is the most complicated one among all compounds of this formula type [270] [271] [272] [273] . HoNi 2 [B 2 C] exhibits exactly the same type of ordering at low temperatures as the Dy and Pr compounds, but just below T N an incommensurate spi- ral state with k ¼ (0, 0, 0.91) occurs, in which the ferromagnetically arranged adjacent layers are not exactly antiparallel aligned but are rotated within (001) by about 16.6 . This leads to a period approximately equal to twelve times the c-axis for the nuclear structure [14, 132, 265, 267, 274, 275] . Additionally, an incommensurate aaxis modulation with k ¼ (0.585, 0, 0) was observed in a narrow temperature interval between these two phases below about 6.5 K [14, 265, 267, 275, 276 ]. It appears, that even several differently modulated phases may coexist [271] . Below about 5 K, where the superconductivity is re-entrant, both incommensurate structures lock into the commensurate antiferromagnetic structure mentioned above. This apparently allows superconductivity to recover and coexist with the antiferromagnetic order. Muon-spinrotation and relaxation studies confirmed two phase transitions at about 6 and 5 K [277] . At low temperatures the same distortive symmetry reduction as described for the Dy compound was observed (1.5 K) [135] . The H-T phase diagram was constructed from magnetization and specific heat measurements [180] . Substitution of some Ho by other rare-earth metals alters the magnetic order with mostly an effect on the modulation [278] [279] [280] , whereby only the temperature dependence of the a-axis modulated structure coincides with the re-entrant behavior, suggesting that the magnetic order with c-axis modulation has no pair-breaking effect on the superconductivity [279] .
Due to the high neutron absorption of Sm and Gd the magnetic structures of SmNi 2 [B 2 C] and GdNi 2 [B 2 C] have not been studied by neutron diffraction, but some information steam from X-ray scattering experiments [182, 269, 281] and 155 Gd Mößbauer spectroscopy [185] . For the Sm compound a magnetic propagation vector of k ¼ ( with the moments aligned perpendicular to the c-axis, below about 14 K a spin-reorientation leads to a spiral-like magnetic structure with moments rotating in (100) [182, 185, 282] .
For the Er, Tb, and Tm compounds, similar to the Gdcase just below T N , incommensurate magnetic structures were derived. The incommensurate magnetic structure of ErNi 2 [B 2 C] (k ¼ (0.554, 0, 0)) is associated with antiferromagnetically ordered spins located on the Er atoms, which order in a transversely polarized planar sinusioidal structure propagating along the a-axis in equal domains, with the Er moments parallel to the [010] direction [14, 160, 269, 283] , concomitant to a distortion of the tetragonal unit cell to an orthorhombic metric by magnetostriction [134, 136, 284] . At lower temperatures of about 2.2 K a lock-in to a commensurate state occurs (0.55 ¼
11
= 20 ), together with a rise of a weak ferromagnetic component apparently coexisting with the superconducting state [221, 285, 286] . For R ¼ Tm a similar order was derived, but with a transversely polarized spin density wave with moments orientated along [001] and k ¼ (0.093, 0.093, 0) [14, 287, 288] , also accompanied by a distortion to an orthorhombic metric [133, 289, 290] . In an external magnetic field parallel to a even below 1 T a magnetic re-arrangement takes place to a new structure with k ¼ (0.48, 0, 0) which is stable at least up to 2 T [291] . In the Tb compound a modulation vector of k ¼ (0.555, 0, 0) and longitudinal polarization was found, with a moment direction parallel to the k direction [266, 269, 292] . The order is accompanied by an orthorhombic distortion of the original tetragonal unit cell along the [010] direction [133, 134] . More recently, a neutron diffraction study on a single crystal revealed a second similar modulation vector below a weak ferromagnetic order transition at 8 K [293] . The H-T phase diagram was constructed based on magnetization and magnetostriction measurements [294] .
It is interesting to note, that the compounds with R ¼ Ho, Er, Gd, Tb all show magnetic structures with a common magnetic modulation wave vector of about 0.56. This common signature was associated with a nesting of the Fermi surface at this wave vector [253] .
For simplicity, Fig. 11 depicts only the most prominent ground-state magnetic structures of the Ni series. Note, that the propagation vector k might be commensurate or incommensurate.
Recently, the magnetic structures of compounds RCo 2 [B 2 C] with R ¼ Dy, Ho, Er, Tm were determined [34, 146] . In contrast to the respective Ni compounds the variety of resulting magnetic structures is much more confined, all derived magnetic structures are commensurate. The Er compound exhibits a collinear antiferromagnetic order with k ¼ ( [203] . TmCo 2 [B 2 C] also orders in a simple ferromagnetic spin structure [34] . Co in all structures does not carry a significant localized moment [34, 203] . [156] . Full structural data for the Ni series were presented for R ¼ Y, Tb, Ho, Er, Yb, and Lu [6, 91, 295, 297] . However, in the reported structure of the Y compound, the C and B sites seem to be exchanged and the site labeled for B only badly determined [91] . Additionally, the crystal structure data for LuNi[BC] apparently suffer from a misprint in the unit cell c-parameter [6] . Figs. 12 and 13 show the unit cell parameters a and c, the ratio c/a, the unit cell volume V and selected interatomic distances and angles within the crystal structures as function of the rare-earth metal radius for a trivalent state and a coordination number of six for compatibility [117] . a and V show the expected trend of the lanthanide contraction, while the increasing c-dimension with decreasing r(R 3þ ) may be explained analogues to the RNi 2 [B 2 C] series. The seemingly large scatter in c is partly due to the small overall change.
Borocarbides
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Valence states, magnetism and superconductivity
For LuNi[BC] superconductivity was observed below about 2.6 K [213, 300, 301], however, based on the electronic band structure (see below) these results were attributed to be likely a result of an impurity phase [302] . Still, further experimental work suggested the superconducting transition to be a bulk phenomenon based on an anomaly in the heat capacity measured on samples with nominally different C and B contents [303] . By varying the composition T c is changed in the range of 2. YRu [BC] shows no indication of any magnetic or superconducting transition down to 2 K [156] . There was a report on superconductivity below 6 K for samples of nominal composition "RReBC" with R ¼ Sc, Y, Gd, Tb, and Lu, but the phase identity and therefore the origin of superconductivity was not identified [306, 307] .
Band structure calculations on LuNi [BC] show that E F lies near a valley -in sharp contrast to the calculation results for the superconducting members of the RNi 2 [B 2 C] series [251, 254, 262] . Furthermore, both Lu and Ni contribute to the majority of DOS at E F . The partial DOS at E F is much lower as compared to LuNi 2 [B 2 C]. Within BCS-theory the absence of superconductivity in compounds RNi[BC] may be understood as a result of the reduced DOS at E F .
Magnetic structures
In the magnetic structure of HoNi[BC] the magnetic moments localized on Ho order antiferromagnetically with k ¼ (0, 0, 1 = 2 ). A ferromagnetic order develops within double layers, with antiferromagnetic coupling to adjacent double layers [242, 266, 304] .
The magnetic structure of ErNi[BC] is ferromagnetic with moments aligned along [001], possibly with a small canting [297, 304] . 
Nitridoborates
Nitridoborates of d metals are known so far only as quaternary compounds together with Ca or a rare-earth metal as component with low electronegativity. Tables 3 and 4 give an overview on compositions and unit cell parameters. Fig. 14 shows the unit cell parameters a and c, the ratio c/a, the unit cell volume V and distances d (Ni--Ni) as function of the radii of the trivalent rare-earth metal cations and Ca 2þ , all with a coordination number of six for compatibility [117] . With exception of the data for the Ce compound, a, c and V follow the expected trend of the lanthanide contraction, although with remarkable scatter in c. In contrast to the borocarbides, however, c increases with increasing r(R 3þ ). The anomaly for CeNi [BN] with values obviously lower for a as well as for V than expected may indicate an oxidation state higher than þ3 for Ce. In the case of CaNi [BN] quite small values for a and V were observed despite the large value for c. The ratio c/a for this series shows a similar trend as was observed for the borocarbides. With increasing radius of the cation the ratio c/a decreases indicating that the value of a increases to a greater extent than c. An exception is found only for CaNi[BN] with a comparably high ratio c/a. Since the distances d(Ni--Ni) are directly related to a by a factor of 1/ ffiffi ffi 2 p , both sets of values follow the same trend.
Only for CaNi [BN] and LaNi[BN] full structural parameters were published, which means that distances and angles (with exception of d(Ni--Ni)) are only available for these two compounds:
and a 2 ¼ 108. N an X-ray powder diffraction pattern was presented, but apparently no crystal structure data were extracted [19] .
The crystal structure of R with n ¼ 2 and n ¼ 3, respectively [18] . High-resolution electron microscopic images revealed planar defects to occur regularly, that means that extra LaN layers are intercalated locally corresponding to the n ¼ 4-6 members [18] . Additionally, a neutron powder diffraction study revealed a significant deficiency of nitrogen in the sense of La 3 Ni 2 [BN] 2 N x with x ¼ 0.91(1) [308] , which, however could not be verified in structure refinements from electron diffraction data [311, 312] .
Valence states, magnetism and superconductivity
Up to now the only nitridoborate, which shows superconductivity is La 3 Ni 2 [BN] 2 N with T c % 12-14 K [17-21, 75, 78, 310, 311] . In the normal state this compound is a metal with a room-temperature resistivity of about 70 mW/ cm measured on powder samples [17] . This value is somewhat higher than that of the corresponding borocarbides. Reaction with hydrogen at temperatures below 200 C apparently leads to modified materials with up to one hydrogen atom equivalent per formula unit according to a weight change during the hydrogen uptake reaction. This treatment leads to an increase in T c by about 0.5 K, accompanied by an increase of the critical fields H c (0) and H c2 [81] .
Since a neutron powder diffraction study indicated a significant nitrogen deficiency in the sense of La 3 Ni 2 [BN] 2 N x with x ¼ 0.91(1) [308] , the effect of nitrogen vacancies on T c was investigated. It was found that T c decreases from 14.2 to 12.2 K with increasing nitrogen deficiency in the composition range of x % 0.9-0.6. The T c limit for the compound free of vacancies was extrapolated to about 16 K [76] . However, from band structure calculations it was deduced that the effect of nitrogen deficiency is of minor importance for the superconducting properties of this compound [313] .
La 3 Ni 2 [BN] 2 N is classified as a typical hard type-II superconductor. Furthermore, according to thermodynamic data it can be regarded as a weak-coupling BCS type superconductor [310] . Despite the clearly two-dimensional character of the crystal structure (three rocksalt layers separating Ni 2 B 2 layers) the band properties reflect a threedimensional rather than a two-dimensional behavior [313, 314] . A qualitative estimate of the band structure of La 3 Ni 2 [BN] 2 N revealed that the additional LaN layers enhance the anisotropy of the electronic properties near the Fermi level as compared to the corresponding borocarbide LaNi 2 [B 2 C] in a way, that the long-range interactions of the broad Ni--B--N s-p network produce band properties reflecting 3D rather than 2D behavior. At the Fermi level the DOS is dominated by La-5d and Ni-3d orbitals. Minor but significant contributions stem from La-4f orbitals. A theoretical study on nitridoborates and borocarbides showed that the superconductivity is related to the threedimensional linking of the Ni 2 B 2 layers through the rareearth atoms of the rocksalt type layers [309] .
Ni in La 3 Ni 2 [BN] 2 N can be substituted by Cu and Co up to 10 and 30%, respectively. Heat capacity measurements show that substitution by Co (hole doping) causes a reduction of the Sommerfeld coefficient. Therefore, the suppression of the superconducting transition temperature in substituted samples is primarily caused by the reduction of N(E F ) concomitant to a decreasing coupling strength. This tendency is very similar to that observed in Co-substituted superconducting borocarbides YNi 2- [20] may originate from an unknown impurity phase [78] .
Conclusion
Since the discovery of relatively high transition temperatures to superconductivity in borocarbides in the 1990s a wave of intense research quickly produced a large number of theoretical and experimental studies on these materials within an extremely short period of time. The onset of long-range magnetic order, which occurs at temperatures close to T c indicates similar energy scales for these two phenomena, making borocarbides an unique system to study the competition physics of superconductivity and magnetism. The compounds of the general compositions RM 2 [B 2 C] and RM[BC] both contain as a characteristic structural element square planar layers of transition metal atoms, which are also present in superconducting cuprates, nitride chlorides or iron pnictides (c.f. reviews in this issue). Similar features can be seen in the layered structures of nitridoborates. Of particular interest is one member of this family, namely La 3 Ni 2 [BN] 2 N, which possesses a relatively high superconducting transition temperature. Unfortunately, the data basis in literature on the nitridoborates is still very limited, thus they require a thorough study of physical properties and search for novel compositions leading possibly to a new direction revitalizing this field.
